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Abstract Antihydrogen holds the promise to test, for the first time, the universality of free-
fall with a system composed entirely of antiparticles. The AEgIS experiment at CERN’s
antiproton decelerator aims to measure the gravitational interaction between matter and anti-
matter by measuring the deflection of a beam of antihydrogen in the Earths gravitational
field (g). The principle of the experiment is as follows: cold antihydrogen atoms are synthe-
sized in a Penning-Malberg trap and are Stark accelerated towards a moire´ deflectometer,
the classical counterpart of an atom interferometer, and annihilate on a position sensitive
detector. Crucial to the success of the experiment is the spatial precision of the position sen-
sitive detector. We propose a novel free-fall detector based on a hybrid of two technologies:
emulsion detectors, which have an intrinsic spatial resolution of 50 nm but no temporal
information, and a silicon strip / scintillating fiber tracker to provide timing and positional
information. In 2012 we tested emulsion films in vacuum with antiprotons from CERN’s
antiproton decelerator. The annihilation vertices could be observed directly on the emulsion
surface using the microscope facility available at the University of Bern. The annihilation
vertices were successfully reconstructed with a resolution of 1–2 μmon the impact parame-
ter. If such a precision can be realized in the final detector, Monte Carlo simulations suggest
of order 500 antihydrogen annihilations will be sufficient to determine gwith a 1 % accu-
racy. This paper presents current research towards the development of this technology for
use in the AEgIS apparatus and prospects for the realization of the final detector.
Proceedings of the 11th International Conference on Low Energy Antiproton Physics (LEAP 2013)
held in Uppsala, Sweden, 10–15 June, 2013
J. Storey () · C. Amsler · A. Ariga · T. Ariga · A. Ereditato · J. Kawada · M. Kimura ·
C. Pistillo · P. Scampoli
Albert Einstein Center for Fundamental Physics, Laboratory for High Energy Physics,
University of Bern, 3012 Bern, Switzerland
e-mail: james.storey@cern.ch
152 J. Storey et al.
Keywords Antihydrogen · Gravity · AegIS · Emulsions
S. Aghion · G. Consolati · R. Ferragut · F. Moia
Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133 Milano, Italy
S. Aghion · G. Consolati · R. Ferragut · M. Giammarchi · F. Moia · F. Prelz · D. Trezzi
Istituto Nazionale di Fisica Nucleare, Sez. di Milano, Via Celoria 16, 20133 Milano, Italy
O. Ahle´n · J. Bremer · J. H. Derking · M. Doser · A. Dudarev · S. Haider · L. V. Jørgensen ·
T. Kaltenbacher · A. Knecht
Physics Department, European Organisation for Nuclear Research, 1211 Geneva 23, Switzerland
A. S. Belov · S. N. Gninenko · V. A. Matveev
Institute for Nuclear Research of the Russian Academy of Sciences, Moscow 117312, Russia
G. Bonomi · M. A. Subieta Vasquez
Department of Mechanical and Industrial Engineering, University of Brescia, Via Branze 38, 25133
Brescia, Italy
G. Bonomi · A. Fontana · P. Genova · C. Riccardi · A. Rotondi · M. A. Subieta Vasquez
Istituto Nazionale di Fisica Nucleare, Sez. di Pavia, Via Agostino Bassi 6, 27100 Pavia, Italy
P. Bra¨unig · M. K. Oberthaler
Kirchhoff Institute for Physics, University of Heidelberg, Im Neuenheimer Feld 227, 69120
Heidelberg, Germany
R. S. Brusa · L. Di Noto · S. Mariazzi
Dipartimento di Fisica, Universita` di Trento and INFN, Gruppo Collegato di Trento, Via Som- marive
14, 38050 Povo, Trento, Italy
L. Cabaret · D. Comparat
Laboratoire Aime´ Cotton, CNRS, Universite´ Paris Sud, ENS Cachan, Baˆtiment 505, Campus dOrsay,
91405 Orsay Cedex, France
C. Canali · C. Regenfus
Physics Institute, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland
R. Caravita · F. Castelli · G. Cerchiari · S. Cialdi
Department of Physics, University of Milano, Via Celoria 16, 20133 Milano, Italy
S. Di Domizio · G. Testera · R. Vaccarone · S. Zavatarelli
Istituto Nazionale di Fisica Nucleare, Sez. di Genova, Via Dodecaneso 33, 16146 Genova, Italy
A. Gligorova · N. Pacifico · H. Sandaker
Institute of Physics and Technology, University of Bergen, Alleegaten 55, 5007 Bergen, Norway
S. D. Hogan
Department of Physics and Astronomy, University College London, Gower Street, London WC1E
6BT, UK
T. Huse · O. Røhne
Department of Physics, University of Oslo, Sem Sælands vei 24, 0371 Oslo, Norway
E. Jordan · A. Kellerbauer
Max Planck Institute for Nuclear Physics, Saupfercheckweg 1, 69117 Heidelberg, Germany
D. Krasnicky´ · V. Lagomarsino
Department of Physics, University of Genoa, Via Dodecaneso 33, 16146 Genova, Italy
Measuring the gravitational free-fall of antihydrogen 153
1 The AEgIS experiment
The principal of equivalence between gravitational mass and inertial mass is a cornerstone
of general relativity. The universality of free-fall (UFF), the experimental evidence on which
the weak equivalence principle is based, has been tested to be valid to a very high precision
(1 part in 10 trillion) by many experiments using a variety of techniques [1]. However,
the UFF has never been tested directly with antimatter. The scientific goal of the AEgIS
experiment is to measure, in the first instance, the acceleration of antihydrogen in the Earths
gravitational field with a 1 % accuracy [2].
The conceptual design of the AEgIS experiment is shown in Fig. 1. Details of the design
and current status of the AEgIS experiment are described elsewhere in these proceedings
[3]. The production of the antihydrogen beam will require many technical problems to be
overcome. It is therefore highly desirable that the flux of antihydrogen required for the grav-
ity measurement is minimized. Emulsion based detectors offer the opportunity to reduce the
antihydrogen flux required for a measurement of g with a 1 % relative error by enabling the
reconstruction of the antihydrogen annihilation vertex with micron-level precision [4].
2 Antihydrogen flux requirement for gravity measurement with 1 % accuracy
The experimental challenge is to produce and accelerate antihydrogen atoms through the
moire´ deflectometer and onto the free-fall detector. For an antihydrogen atom to reach the
free-fall detector it must have a radial temperature less than 100 mK. To produce such
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Fig. 1 Conceptual design of the AEgIS experiment. The divergent antihydrogen beam traverses a pair of
identical gratings with horizontal slits (moire´ deflectometer) and annihilates on the position and time sensitive
free-fall detector. The free-fall detector is based on a hybrid of three detector technologies: nuclear emulsions,
a scintillating fiber tracker and a silicon strip detector. Emulsion based detectors provide unrivaled positional
information but no time information. Therefore, a scintillating fiber tracker and silicon strip detector are
used to measure the arrival time of each antihydrogen anti-atom on the free-fall detector with a 1 μm time
resolution. The time of flight (TOF) of each anti-atom is inferred from the arrival time on the free-fall detector
and the (known) time at which the pulsed antihydrogen beam is produced. A light pattern is produced by
illuminating the gratings homogeneously with an incoherent light source (LED with spatial diffuser) and is
recorded directly on the emulsion film. The shadow-like spatial distribution of the annihilation vertices (solid
line) is displaced relative to that of light (dashed lines) by an amount which depends on the time of flight
between the gratings and the gravitational strength g between the antihydrogen atom and the Earth
atoms two experimental approaches will be pursued: the production of antihydrogen which
is as cold as possible and the synthesis of as many anti-atoms as possible. Since there are
considerable technical difficulties to be overcome, it is illuminating to investigate the abso-
lute antihydrogen flux required for a measurement of gravity with a 1 % accuracy and the
dependency of this flux on the spatial resolution of the free-fall detector.
The influence of the spatial resolution of the free-fall detector on the flux of antihydro-
gen required for a measurement of g with a 1 % precision has been studied with a Monte
Carlo Simulation. Antihydrogen atoms were uniformly generated in a cylinder of 3 mm
transverse radius and 2 cm axial length, with initial velocities distributed according to a
Maxwell-Boltzmann distribution with a mean temperature of 100 mK. The atoms were then
accelerated towards the moire´ deflectometer (pitch d=40 μm between horizontal slits of
12 μm width) and the free-fall detector. A Gaussian smearing was then applied to the anni-
hilation vertex to simulate the detector resolution. Figure 2 left, shows the expected intensity
distribution as a function of the phase φ = (2π/d)x, where x = gT2 and T is the time
of flight between the 2 gratings. The contrast of the shadow-like image is greatly improved
by a higher spatial resolution. The benefit of the improved contrast is shown in Fig. 2 right,
which shows the dependency of the relative g precision on the antihydrogen flux for vari-
ous spatial resolutions. A free-fall detector with a ∼ 2 μm spatial resolution requires ∼ 600
fully reconstructed and time tagged antihydrogen atoms for a 1 % relative error on g, which
compared to a 10 μm spatial resolution is an order of magnitude reduction in the required
antihydrogen flux.
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Fig. 2 Left: Simulated distribution of reconstructed annihilation vertices on the free-fall detector over one
grating period for vertex resolutions between 1 and 15 μm for an antihydrogen beam with a velocity of
700 m/s. The contrast of the shadow-like image increases with improved vertex resolution. Right: Simulation
of the relative precision on g vs. the number of fully reconstructed and time tagged antihydrogen atoms for
vertex resolutions between 1 and 15 μm. The horizontal black line indicates a 1% relative error on g [5]
3 Reconstruction of H annihilation vertices with micron level spatial resolution
In light of the considerable benefit to AEgIS of a free-fall detector with a 1–2 μm spatial
resolution, a detector based on nuclear emulsions is currently under development. Nuclear
emulsions are photographic films which are optimized for use as particle tracking detectors
and are still the most precise particle tracking detector technology currently available [6].
A typical detector consists of a gel with a suspension of silver bromide crystals, in which a
track is formed after the passage of an ionizing particle. After chemical development silver
grains along the path of the track, with dimensions of 1 μm or less, are visible with an optical
microscope. With just a single 50 μm layer it is possible for the full three-dimensional
reconstruction of the particle track and a measurement of the energy loss. The intrinsic
resolution for tracks in a nuclear emulsion is a mere 50 nm [5].
In order to evaluate the suitability of an emulsion based free-fall detector for AEgIS, a
series of measurements were performed during the 2012 antiproton decelerator (AD) run
at CERN. The 5 MeV antiprotons from the AD were directed onto a nuclear emulsion the
surface of which was partially covered with a 20 μm stainless steel foil. The foil simulates
the separation window which will be used in the actual experiment to isolate the emulsion
detector from the ultra high vacuum region. After passing through a series of degrading
foils and vacuum separation windows, the average energy of the antiprotons reaching the
emulsion was ≈ 150 keV.
Images of the antiproton annihilations in the bare emulsion are shown in Fig. 3. A full 3D
image of the annihilation star is constructed by focusing the microscope at different depths
in the emulsion. The nuclear fragments and charged pions from the antiproton annihila-
tion are clearly discernible in the emulsion as black (heavily ionising) and thin (minimum
ionising) tracks respectively.
In order to determine the vertex resolution that is achievable for the g experiment, the
vertex position was determined by finding the coordinates of the point which minimised the
quadratic sum of distances to all tracks. Figure 4 left, shows the distribution of the vertex
position in the direction of the antiproton beam axis. For the bare sample the distribution
has a sharp peak at the surface of the emulsion, while the distribution for the stainless steel
sample is much broader due to the fact that the foil was not in perfect contact with the
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Fig. 3 Left: Antiproton annihilations in a bare emulsion. Blue circles indicate the location of the annihila-
tions. Right: 3D image of antiproton annihilation in a new emulsion prepared at LHEP from a gel produced
by the University of Nagoya. The size of the 3D image is 150x120x50 μm
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Fig. 4 Left: Annihilation vertex resolution in the direction of the antiproton beam (perpendicular to the
emulsion surface). Right: Impact parameter distribution for annihilations [5]
emulsion surface. Figure 4 right, shows the distribution of the distance between the recon-
structed vertex and the tracks (impact parameter). This demonstrates that an r.m.s resolution
of σ  1 μm on the vertical position of the annihilation can, in principal, be achieved with
an emulsion based detector.
4 Conceptual design for a free-fall detector
Emulsion based detectors provide spatial but no temporal information. To measure the time
of flight of the antihydrogen atom requires that the time of the annihilation on the emulsion
is also measured. A conceptual design for a hybrid detector that combines the emulsion
detector with timing information from a scintillating/silicon tracker and silicon strip detector
is shown in Fig. 5. The time of the annihilation is determined from information from both
the silicon strip detector and the downstream tracker. The tracker will also be used to seed
the search for annihilation vertices in the emulsion by reconstructing the annihilation pions.
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Fig. 5 Conceptual design for a free-fall detector for AEgIS. The emulsion detector is used to identify the
precise location of the annihilation vertex and the downstream tracker and silicon strip detector are used to
measure the time of the annihilation
5 Summary
Emulsion based detectors can be used to reconstruct the annihilation vertex position with
an r.m.s resolution of σ  1 μm on the vertical position of the annihilation. If such a
precision can be realised in the final free-fall detector, a measurement of g with 1 % rela-
tive error will require the reconstruction of ∼ 600 antihydrogen atoms. A hybrid detector
which combines the spatial precision of emulsion detectors with temporal information from
silicon/scintillating fiber technologies is currently under investigation.
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